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a  b  s  t  r  a  c  t
Forest  age  structure  is  one  of  the  main  indicators  of  biodiversity  in temperate  and  boreal  forests  world-
wide.  This  indicator  was  mainly  chosen  for  the  conservation  of  a  subset  of  rare  or  sensitive  species  related
to  the  oldest  age  classes,  not  to capture  variability  across  the  entire  biodiversity  spectrum,  but  is  often
considered  as  such.  In  this  study,  we  analysed  alpha  and  beta  diversity  in temporary  plots  of western  Que-
bec, Canada,  to  consider  biodiversity  indicators  complementary  to existing  forest  age structure  targets.
Our  analysis  revealed  that  considered  individually,  stand  characteristics  such as cover  type  and  height  are
better predictors  of changes  in  site-level  contribution  to tree  beta  diversity  than  age. We  also  show  that
plots  belonging  to  different  age  classes  can  be  similar  in terms  of tree  alpha  diversity.  Height  class  was
found  to have  a more  significant  impact  on  tree  alpha  diversity  than  expected:  height  was  more  important
than  age  in coniferous  forests,  and  in deciduous  and  mixedwood  stands  it frequently  complemented  age
in  explaining  the  observed  diversity  patterns.  Our  results  suggest  that  forest  age  structure  target  levels
should  not  be used  as the sole  indicator  of ecosystem  sustainability,  and that  some  mature  secondary
stands  can provide  significant  contributions  to biodiversity.  We  propose  that  more  efficient  trade-offs
between  forest  exploitation,  ecosystem  functioning  and  environmental  conservation  can  be attained  if:
(i)  forest  age  structure  targets  are  complemented  by  cover  type  and  stand  height;  or  (ii) complementary
biodiversity  indicators  of  ecosystem  sustainability  are  implemented.
© 2016  Published  by Elsevier  Ltd.
1. Introduction
Forests provide several fundamental ecosystem services world-
wide (Gamfeldt et al., 2013). They contribute to climate change
mitigation through the sequestration of CO2 (Canadell and
Raupach, 2008), help sustain local livelihoods (Scherr et al., 2003),
provide fresh water supplies (Jones et al., 2009), and harbour
numerous endangered species (Myers et al., 2000). Due to the
ecological and socio-economic importance of forest ecosystems, a
number of management practices at the international and govern-
mental levels have been proposed to help ensure the sustainability
of their exploitation. These range from voluntary mechanisms,
such as the United Nations Programme on Reducing Emissions
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from Deforestation and Forest Degradation (UN-REDD) and forest
sustainability certifications granted, for instance, by the For-
est Stewardship Council, to governmentally-enforced regulations.
While the facultative sustainability mechanisms mentioned above
are quite widespread (Auld et al., 2008), only governmentally-
enforced practices are truly mandatory.
By agreeing to the Montréal Process (Montréal Process Working
Group, 2015), a group of countries accounting for 90% of the world’s
temperate and boreal forests have agreed to adopt a number of
recommendations and follow several indicators for the conserva-
tion and sustainable management of temperate and boreal forests.
One of the main recognized indicators is forest age structure, of
which the proportion of the oldest age classes is the most critical
component in a forest management context. Granting oldest stands
such an influential position is not without cause. Older forests are
associated with critical habitats for species of conservation con-
cern (Drapeau et al., 2016) and epiphytic lichens and bryophytes
(e.g. Fritz et al., 2009), improved recreational value (Englin et al.,
http://dx.doi.org/10.1016/j.ecolind.2016.08.033
1470-160X/© 2016 Published by Elsevier Ltd.
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2006), and increased carbon stores (Goulden et al., 2011). These
broad links to forest management objectives, coupled with its fairly
inexpensive estimation process and its straightforward implemen-
tation within timber supply models (Buongiorno and Gilless, 2003),
likely justify the widespread use of forest age as a proxy of biodi-
versity.
Still, using age structure targets do not necessarily capture all
facets of biodiversity, and could be complemented or even replaced
by different indicators of ecosystem sustainability (Chapin et al.,
1996). In particular, variables other than stand age have been doc-
umented to have a significant impact on biodiversity. Height class
and canopy cover density are linked to stand structural develop-
ment (Harper et al., 2002), and cover type (deciduous, mixedwood
or coniferous trees) is an indicator of the type of species commu-
nity found in the study area. Recent studies also show that for many
potentially sensitive species, habitat quality is not primarily related
to forest age, but to particular micro-habitats that could be present
or not within a given forest age class. For example, Thompson
et al. (2016) found that the presence of large white pines was
more important than stand age for cavity nesters in central Ontario
mixedwood forests, and Luszcz and Barclay (2016) found that some
forest-dwelling bat species in southwestern British Columbia were
influenced by forest composition, but not by stand age. These
studies confirm that the assumption that relationships between
biodiversity and forest stand characteristics are driven primarily
by forest age is an oversimplification. This suggests that there is
a need to develop complementary indicators that are adapted to
capture the effect of forest management practices on overall forest
biodiversity.
Biodiversity can be considered as a triumvirate of composi-
tional, structural and functional attributes (Redford and Richter,
1999), and it can be further classified as alpha (local diversity),
gamma  (regional diversity) and beta diversity (spatial differenti-
ation) (Whittaker, 1972). Measurements of tree biodiversity at the
stand- or site-scale, such as species richness and Shannon’s diver-
sity, are indicators of alpha diversity. Equally important to consider
when examining the performance of biodiversity indicators are the
variation in biodiversity between sites at the landscape level, which
relates to beta diversity (Whittaker, 1972). Recently, total variance
of the sampled community data has been proposed as a useful
indicator of beta diversity that is independent from alpha diver-
sity measurements (Legendre and de Cáceres, 2013), which is very
advantageous when partioning diversity into alpha and beta com-
ponents (Jost, 2007). This methodology also allows researchers to
estimate each site’s local contribution to beta diversity (LCBD), an
indicator of the ecological uniqueness of a site with regards to its
contribution to beta diversity. LCBD could therefore complement
alpha diversity indicators by identifying sites worth protecting
due to their unusual species compositions and degraded sites that
require ecological restoration interventions. Despite its recent ori-
gin, LCBD studies have already been published in areas as distinct
as limnology (Anton-Pardo et al., 2015) and urban forestry (Yang
et al., 2015).
The concept of functional diversity, which is the variation or
dispersion of functional traits in an ecological group (Laliberté and
Legendre, 2010), could potentially complement more traditional
biodiversity indicators, such as the previously mentioned species
richness and Shannon’s diversity. The implementation of functional
diversity is still poorly developed within a forest management con-
text (Mori et al., 2016). Functional traits refer to the phenotypic
attributes of an organism linked to its effect on ecosystem pro-
cesses and its response to environmental changes (Hooper et al.,
2005; Mori et al., 2013). Functional diversity is considered to be
the component of biodiversity most significantly linked to overall
ecosystem service performance (Balvanera et al., 2006) and it has
been found to be a good predictor of temperate and boreal forest
productivity (Paquette and Messier, 2011). Moreover, functional
diversity has been proposed as a proxy for quantifying ecological
resilience because of its ability to capture the capacity of commu-
nities to respond to a range of disturbances (Standish et al., 2014;
Suding et al., 2008).
The aim of this study was  to examine the potential of develop-
ing a biodiversity indicator complementary to conventional forest
age structure targets. In order to do this, we used data from tempo-
rary sampling plots of western Québec (eastern Canada) to assess
how these targets, originally designed to protect a subset of sen-
sitive species within boreal and northern temperate hardwood
forests, capture: (i) variability of diversity at the landscape scale
using a novel indicator of beta diversity, local contribution to beta
diversity (LCBD); and (ii) variability of overall compositional, struc-
tural and functional biodiversity at the site level (alpha diversity).
First, we estimated beta diversity, determined each plot’s LCBD
and assessed which variables best explained variability in LCBD.
Then, we calculated three measures of tree alpha diversity (site-
level compositional, structural and functional diversity) and we
compared the influence of stand-level variables (age included) on
these measures of tree diversity. We  further explored the forest
management implications of our results.
2. Methodology
2.1. Study area
We used data from temporary sample plots located in western
Québec, Canada (Fig. 1). These plots are distributed across a lat-
itudinal gradient that ranges from the northern temperate forest
to the southern boreal forest and encompass a number of distinct
climates,
forest communities, prevalent natural disturbances and for-
est management practices. Six distinct bioclimatic domains are
included in this latitudinal gradient: sugar maple (Acer saccharum)-
basswood (Tilia americana),  sugar maple-bitternut hickory (Carya
cordiformis), sugar maple-yellow birch (Betula alleghaniensis),  bal-
sam fir (Abies balsamea)-yellow birch, balsam fir-white birch
(Betula papyrifera)  and black spruce (Picea mariana)-feathermoss
(Robitaille and Saucier, 1998). Sample points located to the north
of the northern limit of the harvestable boreal forest were excluded
from our analyses.
A total of 99,429 sampling plots from this database were used.
Within each circular plot of 400 m2, all trees with a diameter at
breast height (DBH) greater than 9 cm are identified, their DBH
measured and the overall percentage of defoliation estimated
(MFFP, 2016). At the centre of each 400 m2 plot is a smaller
40 m2 circular plot where saplings (DBH ≤ 9 cm)  are identified and
counted by DBH class. Plots are sampled randomly according to a
stratified sampling design: 15 plots are sampled per strata, which
are defined according to forest age and composition. Sampling
effort varies between main vegetation zones (deciduous, coniferous
and mixed). Stand age class is determined through visual inspec-
tion of the plot and core-based ageing of three trees per plot, cover
type is estimated according to the basal area occupied by conif-
erous species (deciduous: <25%; mixedwood: 25–50%; coniferous:
>75%), and height class is the mode of the photo-interpreted height
of all trees in the plot. Data examined was collected between 1970
and 2012 (MFFP, 2016).
2.2. Beta diversity analysis
Beta diversity was estimated according to the methodology
proposed by Legendre and de Cáceres, (2013) using the R scripts
provided therein. Beta diversity was  measured as the total variance
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Fig. 1. Map  of the study area: western Québec, Canada. White points represent temporary sample plots. Black lines delimit bioclimatic domains.
of community data from dissimilarity matrices using chord-
transformed relative abundance data obtained from species’ basal
area per hectare. Plot-level local contribution to beta diversity
(LCBD), a comparative indicator of site ecological uniqueness, was
then obtained by partitioning total beta diversity among sites.
The significance of the contribution of each plot to beta diversity
was also tested through a permutation analysis of 5000 itera-
tions. This method performs random, independent permutation of
species abundance data among plots to test the null hypothesis that
species are independently distributed at random among the plots
(Legendre and de Cáceres, 2013).
Simple linear regression models were built with LCBD as the
response variable and two components: climate and stand-level
characteristics. We  included climate variables in our analyses since
our study area covers two forest biomes (Prentice, 1990). Two
baseline scenarios were considered: one with only a climate com-
ponent (average annual temperature and annual precipitation)
and one with the additive effects of the four stand characteris-
tics considered in this study: age, height, density and cover type
(Table 1). Ten models were built that contained all individual and
two-way combinations (excluding interactions) of the previously
mentioned stand characteristics variables (Table 1). This same list
of ten models was then rerun with the climate component as an
additive effect. Plot-level estimates of climate variables were esti-
mated using BioSIM (ver. 10; Régnière et al., 2014), a software tool
that interpolates climate data from the nearest weather stations
to specific points of interest by considering the physical distances
between them, plot-level geographical coordinates and altitude.
No influential plots were detected (Cook’s distance of all plots
was inferior to 1). No collinearity was  found between average
annual temperature and annual precipitation (Pearson’s R: 25.82).
Visual inspection of the residuals and the QQ-plot suggests homo-
geneity of the variances and normality of the residuals across
all models. All variance inflation factors (VIFs) were smaller than
5 and were thus lower than a commonly used threshold of 10
(Marquaridt, 1970).
2.3. Alpha diversity measures
Three distinct measures of tree alpha diversity (i.e. local scale)
were estimated for each sampling plot: species richness, Shan-
non’s diversity index and functional dispersion. These encompass
all three components of biodiversity: compositional, structural and
functional, respectively (Redford and Richter, 1999). Species rich-
ness corresponds to the number of tree species per plot. Shannon’s
diversity index has been widely used to estimate stand structure
(e.g. Boucher et al., 2006; Buongiorno et al., 1994) and was esti-
mated with the proportion of basal area per hectare using 10-cm
DBH classes (and an open-ended class for trees larger than 80 cm).
Higher Shannon diversity values correspond to more uneven-sized
stands while stands with lower values tend to be more even.
Shannon’s diversity is strongly influenced by maximal tree size,
Table 1
tand-level age classes, height classes, cover types and canopy cover density classes considered. Age is measured in years, height in meters and canopy cover density in
percentage of crown cover.
Age class Height class Cover type Density class
50 41y ≤ age ≤ 60y 4 7m ≤ height < 12 m F Deciduous D 25% ≤ dens < 40%
70  61y ≤ age ≤ 80y 3 12m ≤ height < 17 m M Mixedwood C 40% ≤ dens < 60%
90  81y ≤ age ≤ 100y 2 17m ≤ height < 22 m C Coniferous B 60% ≤ dens < 80%
120  age ≥ 101y 1 Height ≥ 22 m A dens ≥ 80%
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which is higher in the south of our study area. Functional dis-
persion was calculated with the “FD” R language package, version
1.0-12 (Laliberté and Legendre, 2010). Functional dispersion is a
multi-trait index that estimates the average distance within the
functional trait space between individual species and the centroid
of all species. This index was estimated using 13 categorical and
continuous functional traits related to tree productivity and envi-
ronmental characteristics: average maximum height, growth rate,
leaf size, wood density, wood decay resistance, vegetative repro-
duction capacity, seed mass, shade tolerance, drought tolerance,
waterlogging tolerance, leaf longevity, leaf mass per area and nitro-
gen content per leaf mass unit. Species’ distances to the stand
centroid were weighted using stand-level basal area per hectare.
The number of dimensions of the functional space was  estimated
according to the framework proposed by Maire et al. (2015), by
generating a species traits’ Gower’s distance dissimilarity matrix,
performing a principal coordinate analysis, and selecting the num-
ber of functional spaces with the lowest mean squared deviation.
Most trait values were assembled by a previous study (Paquette
et al., 2015) and missing values were collated from other online
data sources (online Appendix A in Supplementary material). Shrub
species that can grow to tree-like dimensions were removed from
the analysis because individuals of these species that are under 7 m
tall were not sampled.
2.4. Alpha diversity statistical analysis
A total of 99,429 sample plots were analysed. These were
grouped in 40 groups according to their age, height and cover type
(Table 1). Group size varied between 118 and 9771 plots. Cover
type and height class were chosen because they were the two  top
performing variables from the beta diversity analysis and grouping
stands according to these variables is thus likely to group together
biologically equivalent sites that have similar species compositions
when compared with a mean site (Legendre and de Cáceres, 2013).
Groups with less than 100 sample plots were removed from the
analysis.
The three biodiversity measures were compared across all
groups using nonparametric Mann-Whitney U tests. As nonpara-
metric tests can be sensitive to unequal sample sizes (Zimmerman,
1987), we bootstrapped the Mann-Whitney U test 1000 times using
sample sizes of 100 plots. Two groups were considered to be sta-
tistically equivalent in terms of tree diversity if, for each of the
three biodiversity indicators (species richness, Shannon’s struc-
tural diversity and functional dispersion), over 50% of the replicates
were not significantly different at a p-value of 0.05. These results
were visualized using a network analysis-based approach (Proulx
et al., 2005): each group was classified as a single node in the
network and links between the nodes represented biodiversity
equivalency. In order to ensure that our results were not con-
founded by the effects of climate, we repeated these analyses for
each major bioclimatic domain: (i) sugar maple-bitternut hickory,
sugar maple-basswood and sugar maple-yellow birch; (ii) balsam
fir-yellow birch and balsam fir-white birch; and (iii) black spruce-
feathermoss (online Appendix B in Supplementary material).
Statistical analyses were done using the R software environ-
ment v. 3.2.3. (R, 2015) and network visualization was done using
the “igraph” R language package, version 1.0.1 (Csárdi and Nepusz,
2006).
3. Results
3.1. Beta diversity analysis
Positive gradients of local contribution to beta diversity (LCBD)
were found for both height and density classes: plots that were
either taller or had more dense canopies were more prone to gen-
erating significnt contributions to beta diversity than shorter or
less dense ones (Fig. 2b and d). From all the analyseda variables,
the plots with the tallest trees were the ones most probable to con-
tribute significantly to beta diversity. Plot age class did not have a
clear influence on the significance of the contribution to beta diver-
sity (Fig. 2a). Among cover types, deciduous plots were the ones
more likely to provide significant beta diversity, and mixedwood
plots were slightly less likely to do so (Fig. 2c).
The linear model that had the lowest AIC score and that
explained the most variance in LCBD was  the one that included the
climate component, height and cover (R2 = 27.08%; Table 2). Cover
type was present in the three top models. Age and density were the
stand characteristics variables that performed the worst (Table 2).
Stand characteristics appear to be more important at explain-
ing LCBD than the climate variables we considered: the model with
climate variables alone performed worse than the one that only
included cover type and height. The additive model with all 4 stand
characteristics considered in this study (age, height, density and
cover type) performed better than all models that contained cli-
mate variables and just one stand characteristic, but performed
worse than those that included climate variables and two  stand
characteristics. Climate variables alone (average annual tempera-
ture and annual precipitation) explained 17.06% of the observed
variance in LCBD, although the contribution of precipitation was
minimal (Table 2).
3.2. Alpha diversity analysis
A total of 53 tree species were sampled across all sample plots,
with a maximum of 15 tree species recorded and an average of
4.75 ± 2.08 tree species per plot (±corresponds to standard devi-
ation). Observed plot-level Shannon’s structural diversity varied
between 0 and 1.79 and had a plot average value of 1.09 ± 0.36. Plot-
level functional dispersion estimates varied between 0 and 0.27
and had an average value of 0.13 ± 0.06. A value of 0 corresponds
to plots where only a single tree species was recorded.
Among the deciduous forest groups, species richness(
SR = 5.24 ± 0.33
)
was  quite homogeneous, regardless of age or
height class (Fig. 3a). Functional dispersion
(
FDis = 0.118 ± 0.012
)
was more variable, although no clear patterns with age and height
class were observed. Shannon’s diversity, however, varied sub-
stantially between groups of different age classes(H′all = 1.16 ±
0.13; H′50y = 1.02 ± 0.10; H′70y = 1.18 ± 0.04; H′90y = 1.21 ± 0.08;
H′120y = 1.29 ± 0.04), and variability between groups of different
height appeared only within age classes (Fig. 3b).
Mixedwood stand groups were the richest in functional
diversity
(
FDis = 0.165 ± 0.005
)
but, as with deciduous stands,
age and height did not appear to have a substantial impact
(Fig. 3a). On average, taller mixedwood groups had more species(
SRall = 5.55 ± 0.59; SR≥22m = 6.40 ± 0.41
)
, and the impact of
age on species richness was only substantial when height
classes were accounted for (Fig. 3a). These roles were reversed
with regards to Shannon’s diversity: age appeared to be the
most important variable affecting Shannon’s diversity and the
effect of height was  only apparent when age classes were also
considered
(
H′all = 1.18 ± 0.14
)
. Stands belonging to the oldest age
class had particularly higher structural diversity than other stands
(H′120y = 1.32 ± 0.06; Fig. 3b).
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Fig. 2. Proportion of plots whose local contribution to beta diversity (LCBD) is significant according to: (a) age class; (b) height class; (c) cover type; and (d) canopy cover
density  class. P-values were calculated from 5000 permutations following the previously described methodology. All intervals are open below and closed above.
Among the coniferous stands, species
richness
(





H′all = 0.903 ± 0.214; H′≥22m = 1.353 ± 0.004
)
and functional dispersion(FDisall = 0.099 ± 0.037; FDis≥22m
= 0.151 ± 0.003) increased with height, and stands belonging
to the tallest height class were more biodiverse (Fig. 3). The impact
of age was only apparent when height classes were taken into
account. Disregarding the tallest plots, coniferous stands were the
poorest in terms of biodiversity for all three measures.
The alpha diversity network formed by linking equivalent
groups presented a non-trivial structure with 18 components (i.e.
the number of independent linked nodes) of different size and
connectivity (Fig. 4). In comparison, a network where equivalence
between nodes is based on age class groups, would have consisted
of only four components (one for each age class), each fully con-
nected. When equivalence was based on the three biodiversity
measures, stand groups were solely connected to stand groups
of the same cover type, as shown by the absence of links cross-
ing different shaded areas in Fig. 4. Regarding height and age,
stand groups were almost exclusively linked with those of adja-
cent classes, resulting in components having, on average, two nodes
of degree 1. Only one pair of stand groups belonging to the old-
est age class was  classified as equivalent in terms of biodiversity.
These two  groups belonged to adjacent height classes. As revealed
by the number of dark green nodes linked to nodes of a different
colour, six stand groups from the oldest age class were not signif-
icantly different from stand groups of other age classes from the
same or from the succeeding height class (Fig. 4). Two  of these
groups were related to more than one type of younger stand groups,
which corresponded to the shortest oldest classes within decidu-
ous and mixedwood forests (as identified by the number 3) and to
the age class 61–80 years (as identified by yellow). Height appeared
to be a particularly important indicator of biodiversity within the
coniferous forest (Figs. 3 and 4; blue shaded area), where all con-
nections were established between equally tall stands of different
ages and where no stands of the same age class were linked. This is
shown by the links between nodes of the same number. Eight stand
groups were significantly distinct from all other stands in terms of
biodiversity, but no pattern was  apparent within this subset.
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Table  2
Linear regression models of plot-level local contribution to beta diversity (LCBD). Explanatory variables include average annual temperature (Tavg), annual precipitation
(precip), age class (age), cover type (cover), height class (height) and canopy cover density (density). R squared is the adjusted R squared in%. !AIC is the AIC difference
between the top model and the corresponding model.
Model structure R squared AIC !AIC
LCBD ∼ Tavg + Precip + Height + Cover 27.08 419480.6 0
LCBD ∼ Tavg + Precip + Age + Cover 25.25 421941.1 2460.5
LCBD ∼ Tavg + Precip + Density + Cover 25.05 422210.5 2729.9
LCBD ∼ Tavg + Precip + Cover 24.42 423045.3 3564.7
LCBD ∼ Tavg + Precip + Height + Density 23.72 423963.3 4482.7
LCBD ∼ Tavg + Precip + Age + Height 22.45 425603.4 6122.8
LCBD ∼ Age + Height + Cover + Density 22.13 426008.5 6527.9
LCBD ∼ Tavg + Precip + Height 21.99 426180.5 6699.9
LCBD ∼ Tavg + Precip + Age 20.71 427804.7 8324.1
LCBD ∼ Height + Cover 20.44 428136.5 8655.7
LCBD ∼ Tavg + Precip + Density 19.01 429903.3 10422.8
LCBD ∼ Tavg + Precip + Age 18.25 430825.3 11344.7
LCBD ∼ Tavg + Precip 17.06 432254.8 12774.2
LCBD ∼ Tavg 16.96 432376.2 12895.7
LCBD ∼ Height + Density 16.67 432732.7 13252.1
LCBD ∼ Density + Cover 16.27 433200.7 13720.1
LCBD ∼ Age + Cover 15.51 434094.5 14613.9
LCBD ∼ Cover 14.79 434933.7 15453.1
LCBD ∼ Age + Height 14.41 435387.4 15906.8
LCBD ∼ Height 13.57 436345.9 16865.3
LCBD ∼ Age + Density 6.93 443699.4 24218.8
LCBD ∼ Density 4.83 445912.9 26432.3
LCBD ∼ Precip 1.89 448931.2 29450.6
LCBD ∼ Age 1.34 449489.1 30008.5
Fig. 3. Stand tree alpha diversity plotted per cover type according to: (a) functional diversity and species richness; and (b) functional diversity and Shannon’s structural
diversity. Nodes linked by black lines have non-significant differences in terms of three tree diversity measures (species richness, Shannon’s structural diversity and functional
dispersion) according to our network-based analysis. The unscaled network can be seen in Fig. 4. Node colours represent stand age classes (orange: 41–60 years; yellow:
61–80  years; green: 81–100 years; dark green: over 100 years old). Numbers represent height classes (1: height ≥ 22 m; 2: 17 m ≤ height <22 m; 3: 12 m ≤ height <17 m;
4:  7 m ≤ height <12 m).  Background shading and node frame colour represent cover type (red: deciduous stands; green: mixedwood stands; blue: coniferous stands) (For
interpretation of the references to color in the text, the reader is referred to the web  version of this article.).
4. Discussion
Developing management strategies that accomplish better
trade-offs between forest exploitation and ecosystem sustainabil-
ity has become a major preoccupation for forest ecologists and
managers. Age structure targets, currently employed in many for-
est management systems in boreal and northern temperate forests,
were not designed to capture all facets of biodiversity (composi-
tional, structural and functional), and may  be limited indicators of
forest ecosystem function and resilience. In this study, we analysed
alpha and beta tree diversity to examine the need to develop com-
plementary forest management biodiversity indicators that would
help better reflect ecosystem sustainability.
We found a very weak correlation between stand age and signif-
icant contributions to tree beta diversity. Indeed, stands belonging
to the tallest height category were much more likely to be biolog-
ically unique than those belonging to the oldest age class. This is
possibly because older stands are not necessarily more unique and
more niches are available in taller stands. For instance, old boreal
stands within our study area are often dominated by one or two
species, namely black spruce and balsam fir (unpublished data).
Despite their age, they are unlikely to provide significant contribu-
tions to tree diversity on a landscape scale. Therefore, stands in the
tallest height class are much more likely to represent distinct eco-
logical communities not easily found elsewhere within the same
landscape.
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Fig. 4. Unscaled results of our network visualization analysis. Symbol labelling follows the code described in Fig. 3 (For interpretation of the references to color in the text,
the  reader is referred to the web  version of this article.).
Separating the impact of climate from that of stand-level char-
acteristics on biodiversity is challenging due to their correlation.
We have addressed this issue by considering climate as a predic-
tor when modelling site-level contribution to beta diversity and by
running the same list of models with and without this climate com-
ponent. Stand-level characteristics, particularly cover type and, to
a lesser degree, stand height, appeared to explain changes in beta
diversity better than climate throughout our study area. Climate
does have an important impact on forest communities: it influences
key stand attributes such as height, and it dictates the character-
istics of predominant natural disturbances (e.g., Bergeron et al.,
2004). However, stand cover is a direct consequence of the type of
ecological community: coniferous and deciduous stands represent
inherently distinct communities, regardless of climate. This effect is
further amplified when other stand characteristics are considered
simultaneously. For instance, stands of different heights support
distinct types of communities, and stands of different heights and
cover types even more so. Hence, while climate exerts a consid-
erable effect on site-level contribution to beta diversity, the stand
characteristics of the ecological communities themselves have a
more significant impact at the scale of our study area (i.e. at a
regional scale).
Overall, age class on its own mainly influenced Shannon’s diver-
sity within deciduous and mixedwood stands, which supports
previous findings on the influence of forest age on tree struc-
tural diversity (e.g. Harper et al., 2003). Differences in structural
diversity were much better explained when age class was con-
sidered simultaneously with that of height. This synergy between
age class and height has two possible explanations. First, different
stands of the same type can follow distinct successional pathways
(Bergeron et al., 2014). For instance, the traditional successional
pathway within boreal mixedwood stands can be accelerated by
partial disturbance of the initial broadleaf cohort. Indeed, in the
“three cohort” model, broadleaf-dominated stands slowly transi-
tion to mixed stands and then progress to conifer stands dominated
by spruce, balsam fir or white cedar (Bergeron, 2000). Hence,
two similarly-aged stands can be significantly distinct in terms of
species composition and forest structure. Second, numerous age-
independent, height-influencing variables can have substantial
impacts on stand-level attributes and biodiversity. Particularly, soil
characteristics (Laliberté et al., 2013), climate (Albert and Schmidt,
2010) and pollution (Grantz et al., 2003) all influence site-level
productivity and, consequently, stand height.
Coniferous stands belonging to the tallest height class had
higher biodiversity values than all other coniferous stand groups.
This occurred likely because these stands are predominantly found
in the more biodiverse southern part of our study area, while
all other coniferous stands are much more evenly spread (online
Appendix C in Supplementary material). The results from the tallest
coniferous class notwithstanding, in coniferous stands, the impacts
of age and height on tree diversity were even more disparate than
in deciduous and mixedwood stands: height classes were strikingly
relevant, whereas the impact of age on tree diversity was  somewhat
lacking. This could be caused by the significant role successional
changes appear to play in boreal forest productivity: Anyomi et al.
(2014) showed that, within the northern part of our study area, site
index, a height-based productivity measure, is mainly determined
by species composition and stand structural diversity, instead of
direct climatic effects. Since, as has been previously mentioned,
stands can follow distinct successional pathways and, within the
same pathway, stands can progress at different speeds, stand age is
not necessarily a good indicator of successional stage. Stand height
however, is directly influenced by successional stage and is also
directly linked to stand-level productivity. As more productive sites
tend to be more species rich (Mittelbach et al., 2001), stand height
should be taken into account when selecting sites that contribute
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disproportionately to ecosystem function. The greater importance
of this variable within the coniferous forest is likely caused by the
existence of less productive sites to the north of our study area:
as there is greater productivity variability among sites, stands of
the same age are more likely to belong to different height classes
than in areas where productivity is less variable. These findings
are unlikely to be significantly affected by management type or
bioclimatic domain, as we repeated the alpha diversity analysis
independently for each bioclimatic domain. These domains are sub-
jected to distinct management strategies: while partial cutting is
predominant in the south, clear cutting is much more common in
the north (online Appendix B in Supplementary material).
Our analysis reinforces the importance of considering composi-
tional, structural and functional diversity when comparing distinct
forest communities. Employing indicators of all these three com-
ponents was essential to accurately detect significant intergroup
differences between deciduous, mixedwood and coniferous stand
groups. A single biodiversity measure would have been unable to
detect most of these differences, regardless of the type of biodiver-
sity considered. Using only functional diversity and compositional
or structural biodiversity would have enabled us to detect most
differences between groups, but would have prevented us from
properly assessing intergroup diversity. Functional diversity was
essential in distinguishing deciduous from mixedwood stands, as
these two usually possess similar structural and compositional
diversity, but mixedwood stands tend to be significantly richer in
functional diversity.
Forest are obviously not managed at the stand level nor at the
scale of our study area: forest on public land in North America is
usually divided into several forest management units (FMUs) of
varying sizes (Kaya et al., 2016). It is within these FMUs, or subunits
when FMUs are particularly large, that forest age structure targets
can be applied (Bettinger et al., 2009). Stand cover, height and age
characteristics vary between FMUs. Hence, stand group contribu-
tions to biodiversity are likely to change among them. For instance,
coniferous stands in a deciduous-dominated landscape are much
more likely to contain species rarely found elsewhere within that
FMU  than within an FMU  located in a coniferous-dominated land-
scape. While the main findings of this study are likely to hold within
each FMU, more detailed interactions among stand groups are likely
to change. Such FMU-specific differences could be analysed using
the methodology applied here in order to inform decision makers
and lead to more sustainable forest management.
Our results suggest that forest management strategies that are
uniquely based on forest age structure targets might not be suf-
ficient to maintain ecosystem sustainability. Such targets were
designed with the idea that stands older than rotation age will
be harvested and therefore such stands will become an issue for
biodiversity in forests managed for timber (Bergeron et al., 2002).
Numerous studies have found that some rareum amounts of older
forests need to be maintained in managed forests. This is one of
the main reasons forest a or endangered species do rely on older
forests to survive (e.g. Molina et al., 2006) and therefore minimge
structure targets have been implemented in forest management
and they appear to perform remarkably in that regard. However,
they were not designed with the objective of maintaining overall
ecosystem sustainability and, as such, they are not its most accurate
indicator.
5. Conclusions
Better understanding differences between biodiversity levels of
different forest age classes and examining the potential of juvenile
and mature secondary stands to harbour significant levels of biodi-
versity are both highly relevant areas of research. These should lead
to more efficient trade-offs between forest exploitation, ecosys-
tem functioning and environmental conservation. We recommend
that forest management should be improved by complementing
forest age structure targets with the inclusion of additional, signif-
icant and easily measurable variables, such as cover type and stand
height, and by developing complementary biodiversity indicators
more directly related to ecosystem sustainability. We  also recom-
mend that further research should: (i) examine the relationships
between stand variables easily available from forest inventories,
such as stand height, and biodiversity indicators of other taxa; and
(ii) focus on integrating indicators of biodiversity related to ecosys-
tem structure and function in the design of forest management
strategies and models of annual allowable cut estimations.
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